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Abstract 
In 2006, the city of Scottsdale, Arizona implemented the first fixed photo speed 
enforcement camera demonstration program (SEP) on a US freeway. A comprehensive 
before-and-after analysis of the impact of the SEP on safety revealed significant reductions 
in crash frequency and severity, which indicates that the SEP is a promising 
countermeasure to improve safety. However, often there is a tradeoff between safety and 
mobility when the automated speed enforcement program is considered—perceived 
mobility is reduced while safety is improved. Little research to date has examined the travel 
time impacts of photo speed enforcement, although identifying countermeasure that 
improves safety and reduces travel time uncertainty is a desirable goal for traffic safety 
engineers. Therefore, we analyzed the impact of the SEP on mobility by simulating traffic 
network with and without the SEP, thereby validating the arguments against photo speed 
enforcement on the grounds of reduced mobility. A total of 180 simulation runs for the 4 
network conditions were conducted with different random seeds in order to reveal the 
impact of the SEP on travel times and travel time uncertainty. The simulation results show 
that the SEP decreased the travel time uncertainty: the risk of unreliable travel was at least 
23% higher in the ‘without the SEP’ scenario than in the ‘with the SEP’ scenario. In 
addition, the total travel time savings as a byproduct of the SEP was estimated to be at least 
‘569 vehicle-hours/year.’ Consequently, we showed that the SEP is an efficient 
countermeasure not only for reducing crashes but also for ultimately improving mobility 
through travel time savings and reduced travel time uncertainty. 
Key words: Photo enforcement; travel time savings; safety; microscopic simulation 
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1. Background and motivation for study 
In 2006, the city of Scottsdale, Arizona implemented the first fixed photo speed 
enforcement camera demonstration program (SEP) on a US freeway. The city installed six 
speed enforcement cameras on a 6.5 mile stretch of the Arizona State Route 101 urban 
freeway in January 2006, and covered the cameras in October 2006. A companion paper 
(Shin et al., 2008) revealed that the SEP led to significant reductions in crash frequencies, 
as summarized in Table 1. Using three different before-and-after methodologies, the SEP 
was shown to yield crash reduction factors (1-θ) ranging from 0.28 to 0.56, which indicates 
that the SEP is a promising countermeasure to improve safety.  
However, often there is a tradeoff between safety and mobility when the automated 
speed enforcement program is considered—perceived mobility is reduced while safety is 
improved. Little research to date has examined the travel time impacts of photo speed 
enforcement, although identifying countermeasure that improves safety and reduces travel 
time uncertainty is a desirable goal for traffic safety engineers. Therefore, we analyzed the 
impact of the SEP on mobility by simulating traffic network with and without the SEP, 
thereby validating the arguments against photo speed enforcement on the grounds of 
reduced mobility. Specifically, the objectives of this study are to: 
• Examine the change in travel time distribution resulting from the SEP or crashes;  
• Estimate daily travel time uncertainty caused by the change in average travel speeds 
and non-recurrent congestion;  
• Assess the change in total travel time resulting from the SEP or crashes; 
• Estimate total travel time savings as a potential byproduct of the SEP. 
The remainder of the paper is organized as follows: the results of past studies on the 
impact of speed enforcement policy on network traffic condition and the measures for 
assessing travel time uncertainty are examined. Then, the data (inputs) used to develop the 
microscopic simulation supporting this analysis are described. These sections are followed 
by the results of simulation model validation and the description of the simulation scenarios. 
The simulation results are then provided by simulation scenario. The paper concludes with 
a detailed discussion of results and recommendations. 
2. Literature review 
A number of studies have revealed that speed enforcement has reduced speeding and 
crashes: see an extensive review in Stuster et al. (1998) and Washington et al. (2007). In 
addition, several observational studies analyzed the impact of speed enforcement on driving 
behavior, which disclosed that the reductions in speed and crash frequencies resulting from 
speed enforcement have limited temporal and spatial spillover effects (Hauer et al., 1982; 
Waard and Rooijers, 1994; Vaa, 1997; Sisiopiku and Patel, 1999; Ha et al., 2003; 
Champness and Folkman, 2005). However, the observational studies do not account for the 
network-wide impact of speed enforcement, which should not be disregarded in an 
evaluation studies.  
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Few simulation studies have been conducted to estimate the impact of speed 
enforcement on driver behavior and the network-wide impacts (Liu and Tate, 2004; Toledo 
et al., 2007). Specifically, Liu and Tate (2004) analyzed the impact of an intelligent speed 
adaptation system (ISAS) on network total travel times and other traffic externalities in an 
urban network. In the study network of 70 traffic analysis zones consisting of 120 nodes 
and 245 links, two levels of speed limiter settings were assumed: 64 kph (40 mph) and 48 
kph (30 mph). The authors found that the ISAS changed the shape of speed distributions by 
reducing the travel times at speeds exceeding the speed limit, and that the ISAS is more 
effective during the non-peak than during the peak periods. The authors found that there is 
a 2.4% average increase in network total travel time between 0% and 100% ISAS 
penetration, although they concluded that the ISAS does not significantly affect the travel 
time of the slower drivers. However, the significant increase in network total travel time 
should be viewed as a result of the network-wide installation of the ISAS. Toledo et al. 
(2007) examined the effects of an active speed limiters on average speed, speed variability, 
and lane change frequency in a freeway network using a microscopic simulation model. 
The authors used a 10% equipment rate at various congestion levels with 3 levels of speed 
limiter settings: no limiting, 100 kph (62 mph), and 120kph (75 mph). They concluded that 
the active speed limiter generally contributes to reduced mean speeds and speed variability. 
The authors also estimated potential crash reduction resulting from the installation of the 
speed limiter by using the Swedish model, which is a simple model that relates the number 
of crashes to the average speed. The estimates ranged from 25% to 40% (25% reduction in 
injury crashes and 40% reduction in fatal crashes).  
Although the impact of speed enforcement on travel time caused has not been often 
estimated, numerous studies have examined travel time uncertainty caused by other 
intelligent transportation systems countermeasures (Bell and Iida, 1997; Ikhrata and 
Michell, 1997; Lam and Wong, 2003; Levinson and Zhang, 2003; Sumalee and Watling, 
2003; Recker et al., 2005; Al-Deek and Emam, 2006; Li et al., 2006; Oh and Chung, 2006; 
Rakha et al., 2006; FHWA, 2007). In general, the measures for assessing travel time 
variation caused by transportation system investments can be divided into two categories 
(Levinson and Zhang, 2003): travel time variability and travel time reliability. Travel time 
variability estimates the magnitude of the dispersion of travel time by treating early and late 
arrivals with equal weight (Levinson and Zhang, 2003; Li et al., 2006; Oh and Chung, 
2006; Rakha et al., 2006), while travel time reliability measures the probability that a trip 
can reach its destination within a given period of time (Bell and Iida, 1997; Ikhrata and 
Michell, 1997; Lam and Wong, 2003; Sumalee and Watling, 2003; Recker et al., 2005; Al-
Deek and Emam, 2006; FHWA, 2007).  
Past studies show that the non-recurrent congestion impact of ITS programs cannot 
be ignored and has a significant impact on travel time uncertainty. Therefore, we designed a 
reliable simulation study by taking into account the travel time savings resulting from the 
reduction in crashes. To the author’s knowledge, no past studies account for the travel time 
impacts that result from the reduction in the target crashes, which were estimated by using a 
rigorous before-and-after study. Thus, this paper represents a unique contribution to the 
literature in understanding the travel time impacts of speed enforcement.  
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3. Simulation model 
3.1. Data description  
Numerous sources of data were utilized as sources of inputs to the simulation of the photo 
speed enforcement program on the Scottsdale 101 freeway: 2006 Maricopa Association 
Government (MAG) transportation planning data, Arizona Department of Transportation 
(ADOT) and the city of Scottsdale’s speed and traffic volume data collected during the 
before period, speed data collected from the enforcement zone during the program period 
by Redflex (the vendor of Scottsdale’s enforcement cameras during the program), and 2006 
ADOT freeway incident log files. By using the 2006 MAG data, the preliminary supply and 
demand input data for a microscopic simulation model were obtained. Specifically, a multi-
class sub-area analysis was conducted to extract the supply and demand data for the non-
peak periods (9:00 AM–15:00 PM) by using 35 volume-delay functions. A total of 231,136 
trips during the 6 non-peak hours were estimated for the extracted sub-area, which 
encompasses the 13 mile stretch of the SR 101 segment including the enforcement zone as 
well as adjacent arterials in Scottsdale that can be used as an alternative route for the SR 
101. The peak period trip was not used in this study because speed cameras are not 
effective during congestion as revealed in Washington et al. (2007).  
The observed non-peak speed and traffic volume data collected from 14 reference 
sites within the enforcement zone during both the before and program periods were either 
used to develop the input parameters of the microscopic traffic simulation tool or to 
validate the output from the preliminary simulation model. By using the speed data, the 
distributions of the desired speeds for each period were directly estimated as shown in 
Figure 1, in which the desired speed is the maximum speed that could be achieved by a 
driver when a large headway between vehicles is allowed (Toledo et al., 2005; Toledo et al., 
2007). To capture information about the time duration of non-recurrent congestion, 
information for a subset of the freeway incidents that occurred on the SR 101 in 2006 was 
analyzed in order to develop a more specific crash simulation scenario. Since the highway 
log files provided by ADOT include the duration of all events, the log data for recurring 
events were eliminated. Also, the events that were not categorized as ‘incident/accident’ 
events were excluded. The remaining 477 incidents revealed mean and median time 
durations of 94 and 68 minutes respectively.  
3.2. Model validation 
In this study, TransModeler was used as a microscopic traffic simulation tool, in which the 
movement of vehicles is determined by various driver behavior models including car 
following and lane change models (Caliper, 2006a; Caliper, 2006b; Yang and Morgan, 
2006). TransModeler is a path-based model, indicating that every vehicle has a habitual 
path before departure which can be determined by one of the route choice models. 
Although a modified multinomial logit model such as the path-size logit model can be 
applied for modeling the route choice behavior, the stochastic algorithm (with 10% 
perturbation) was used in this study due to the lack of information for logit parameters.  
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A feedback approach based on the method of successive averages (MSA) was 
performed to calibrate the generalized path cost, which is primary input data for the 
stochastic route choice model. The results of feedback runs (conducted by using the 
distribution of the desired speeds during the before period) were repeatedly compared to the 
observed speed and traffic volume data collected during the before period in order to search 
for reliable simulation input data. As a result of the repeated comparisons, a final set of 30 
feedback runs were obtained, in which the percent change in simulation outputs such as 
vehicle hours traveled (VHT) and vehicle miles traveled (VMT) were converged to 0 after 
several feedback runs. The speed and traffic flow rate outputs for the reference sites 
simulated from the last feedback run (the 30th run) were compared to the corresponding 
observed data. The results show that the root-mean-square error (RMSE) of the simulated 
speed is “2.12 mph to 2.31 mph” and the RMSE of the simulated traffic flow is “82 
veh/lane/hr to 104 veh/lane/hr,” which provides a good fit between the observed and 
simulated data. In addition, the paired t test results revealed that the mean difference 
between paired observations was insignificant at α=0.05. A full description of the data and 
model validation results is available in Washington et el. (2007). 
3.3. Simulation scenario 
Two simulation scenarios were developed for reflecting the Scottsdale traffic network 
states: “without the SEP” and “with the SEP.” The former represents the expected network 
states in the absence of the SEP, while the latter represents the expected network states after 
implementing the SEP. For each scenario, we also considered 2 major network states: 
“free-flow” (FF) and “non-recurrent congestion” (NR). The former represents the network 
in the absence of congestion, while the latter represents the network with incident-based 
congestion only (no recurrent congestion). In addition, two conditions were modeled for 
each major network state as shown in Table 2:  
• Free-flow state: Base and SEP conditions 
• Non-recurrent congestion state: 1-lane blockage and 2-lane blockage conditions (as a 
result of crashes) 
The two conditions for the FF state were devised to reflect network traffic conditions with 
and without the SEP since the travel time in the FF state is relatively sensitive to the 
presence of the SEP. For the NR state, the two conditions were developed to examine the 
impact of crash severity (and subsequent emergency response) on travel times. So, 
comparisons of simulation results within the FF state provide information about the impact 
of the SEP on travel times in the absence of incidents, whereas comparisons across states 
allow an accounting for non-recurrent congestion events on travel times.   
3.3.1. Free-flow state 
The FF state represents the network state without any recurrent or non-recurrent congestion. 
The Base condition represents the free-flow operational performance measures expected in 
the “without the SEP” scenario, while the SEP condition represents the free-flow 
operational performance measures expected in the “with the SEP” scenario. All parameter 
Kangwon Shin, Simon P. Washington, and Keechoo Choi                                                             Page 7 of 21 
 
settings for the Base condition were set to equal those for the last feedback run described 
previously.  
The SEP condition is also based on the same simulation parameters, but the 
empirical distribution of the desired speed for the program period was applied to an 
appropriate subset of segments within the enforcement zone. Since the assumption that all 
segments within the enforcement zone will be equally influenced by the speed enforcement 
cameras is incongruous with a limited spatial spillover effect revealed in previous studies 
(Hauer et al., 1982; Ha et al., 2003; Hess, 2004; Champness and Folkman, 2005), a 0.56 
mile influence area assumption was devised based on the exponential decay model 
proposed by Hauer et al. (1982). The exponential decay model shows that the effect of 
enforcement on speed reduction is reduced by 0.8Le− at L kilometer downstream from the 
enforcement site. Thus, the effect of enforcement on speed reduction is reduced by half for 
every 0.56 mi (0.9 km). Although the model suggests that the different desired speed 
distributions for each L kilometer downstream from the enforcement site are needed to 
simulate precisely the spatial spillover effects, it is difficult to estimate all desired speed 
distributions unless rigorous field studies are conducted. Therefore, we aggregated all 
spatial spillover effects into the 0.56 mile influence area by applying the empirical 
distribution of the desired speed during the program period to the 0.56 mile influence area. 
However, it should be noted that this assumption is an approximation.  
3.3.2. Non-recurrent congestion state 
The NR state reflects the network state with only non-recurrent congestion, assumed to be 
caused by crashes that occur during the non-peak period. The NR conditions are simulated 
to capture the impact of crash occurrence on various operational performance measures, 
which may be converted into travel time impacts. Since it is not possible to simulate all 
possible crash scenarios, we used the 2 aforementioned types of NR congestion conditions 
(i.e. 1-lane blockage and 2-lane blockage). For each condition, the median incident 
duration (68 min) described in the data description section was used as the blocking 
duration, since the distribution of incident duration is highly skewed to the right as shown 
in previous studies (Skabardonis et al., 1996; Ullman and Ogden, 1996). In addition, each 
condition was simulated at the 6 enforcement camera sites (3 sites per direction) in order to 
reflect the level of influence across sites within the enforcement zone.  
 Since the travel time in the NR state is relatively insensitive to the presence of the 
SEP, the NR conditions have the same parameters as the Base condition, except the 
parameter associated with updating path en route. The updating path behavior en route was 
modeled to represent more realistic driver behavior in the NR conditions. As in a previous 
study (Chu et al., 2004), a total of 20% of the drivers were within the informed driver group, 
who will update their paths en route when experiencing unexpected delay. This percentage 
has been  noted as an optimal level of market penetration for traveler information provision 
(Oh and Jayakrishnan, 2002).  
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3.3.3. Additional information 
A total of 180 simulation runs were conducted with different random number seeds to 
establish a distribution of the simulation output results: 60 simulation replications for the 
FF states (30 replications for each condition) and 120 simulation replications for the NR 
states (60 replications for each condition). The 130 minute simulation period (9:50 AM–
12:00 AM) was assumed to capture the delays during the incident clearance time as well as 
the recovery time. The first 10 minutes of the simulation period were used as a warming–up 
(burn in) period, thus the simulation output data obtained from vehicles that departed from 
their origin before 10:00 AM were not used in the analysis.  
4. Simulation results 
4.1. Change in travel time distribution 
4.1.1. Travel time variation by simulation state 
In order to reveal how the distribution of travel time shifted as a result of the SEP, we 
compared the travel times from each simulation condition. Only trips that thoroughly 
passed all 101 segments within the sub-area were extracted for estimating the path travel 
time, eliminating drivers (and their associated travel times) with truncated trips. The 
selected trips are divided by travel direction: ‘North bound trips’ and ‘South bound trips’ 
on the SR 101. Table 3 shows summary statistics for the simulated travel time of the 
selected trips by direction. As expected, the mean travel time was greater in the SEP and 
NR conditions than in the Base condition, and the measures for dispersion such as the 
standard deviation, interquantile range, and range of the travel time in the NR conditions 
were greater than those in the Base condition. For preliminary analysis, two statistical tests 
were used to compare the travel time distributions. First, the Kruskal–Wallis (KW) tests 
were conducted to examine the equality of population, which is equivalent to the rank F test 
(Washington et al., 2003; Kutner et al., 2005). Second, the Brown-Forsythe (BF) tests were 
conducted to investigate as to whether or not the variance of travel time in each simulation 
state is the same (Kutner et al., 2005). In both tests, the Base condition was considered as 
the reference group, and the test results are also summarized in Table 3. The results show 
not only that the shape of the travel time distribution for the SEP and NR conditions is 
altered from the Base condition, but also that the variance of travel time for each simulation 
condition is significantly different at α=0.05. However, the statistically significant 
differences shown in the preliminary analyses are insufficient to measure the change in 
travel time that can be perceived by travelers. Thus, we compared the location of the 
percentile values of the travel time in each simulation condition in order to investigate the 
change in the travel time distributions in detail.  
 Analyzing the change in travel time distribution in the right tail is relatively 
common because a traveler’s expected travel cost is especially sensitive to the right tail of 
the travel time distribution—being late is more undesirable than being early (Small et al., 
2005; FHWA, 2007). Thus, a change in travel time distribution in the right tail can be more 
important than that in the opposite tail in measuring travel time uncertainty. Consequently, 
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we used the 10th and 99th percentile travel time values in the Base condition as the reference 
values for investigating the change in travel time distribution on both tails. Specifically, the 
10th percentile travel time in the Base condition was used to measure the change in the 
proportion of the number of drivers whose travel time was faster (in the left tail), and the 
99th percentile travel time in the Base condition was used to measure the change in travel 
time reliability (in the right tail). Although there are other proxy statistics to determine the 
change in travel time distribution, the 10th and 99th percentile travel time values in the Base 
condition were consistently used in analyzing the simulation results in order to meet the 
aim of this study, which is to compare the relative change in the travel time distribution 
imposed by the SEP. Especially, the 99th percentile travel time in the Base condition was 
selected to capture the change in travel time reliability between the Base and NR conditions 
as well as between the Base and SEP conditions, even though the 99th percentile travel time 
in the Base condition might be conservative in comparing the change in travel time 
reliability between the Base and NR conditions. 
Table 4 shows the sample proportions for each simulation condition (i.e. % of 
drivers whose travel times are less than the threshold values) and the logit model estimation 
results represented as the odds ratios. In the logit models, the dependent variable was a 
binary variable, which is 1 if the travel time of each vehicle is less than the threshold travel 
times, and the independent variable was a single polychotomous variable representing each 
simulation condition (using the Base state as the reference group). Therefore, the 
insignificant odds ratio indicates that the proportions between the Base and the compared 
simulation condition are not significantly different. The results in Table 4 show that the 
change in travel time distribution in the NR states simultaneously occurred in both tails. 
However, the change in travel time distribution in the SEP state was only significant in the 
left tail (p-values<0.001). This suggests that drivers can travel in the enforcement zone in 
the same acceptable amount of travel time regardless of the existence of the SEP in the 
free-flow state, while the SEP contributes to reducing the proportion of faster drivers. 
These results are congruous with the findings in previous studies (Liu and Tate, 2004; 
Toledo et al., 2007).  
4.1.2. Daily travel time uncertainty  
The daily travel time uncertainty can be defined as a measure that shows how the travel 
time reliability during the non-peak period differs from the travel time reliability of other 
days during the same non-peak period. The daily travel time uncertainty ( ( )nU Ω ) was 
estimated by using the probabilistic method assuming the most n probable system states as 
in prior studies (Sumalee and Watling, 2003; Al-Deek and Emam, 2006):  
 ( ) ( ) ( )1 Pr ,
j n
n j j
S
U S R S
∈
= − ∑
Ω
Ω  (1) 
where Ωn is the most n probable system states, which is a subset of all possible system 
states Ω, Sj is one of the n system states, R(Sj) is the travel time reliability for the system 
state Sj, and Pr(Sj) is the probability of the system state Sj. Eq. (1) shows that the daily 
travel time uncertainty decreases the expected travel time reliability increases (or vice 
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versa). The most n probable states are generally assumed in this method because it is 
difficult not only to enumerate all system states but also to obtain the reliability for all 
system states. 
 In this study, we used the simulation states described in the previous section as the 
probable system states (i.e. FF and NR states for the ‘with the SEP’ and ‘without the SEP’ 
scenarios). We also used the travel time reliability for each condition summarized in Table 
4 (% of drivers whose travel times are less than the 99th percentile travel time in the Base 
condition) as R(Sj). In addition, the results of the before-and-after (BA) study in the 
companion paper (Shin et al., 2008) were used to estimate the probabilities of the FF and 
NR states in each scenario. For example, the probabilities of the NR state for each scenario 
were estimated: 
  ( )

 ( )

Pr | Without SEP Pr | With SEP ,NR NRS SD D
π λ
= > =  (2) 
where  ( )Pr | Without SEPNRS  and  ( )Pr | With SEPNRS are the probabilities of the NR state  
for each scenario respectively, D  is the number of days during the program period, π  is 
the expected number of crashes without the SEP during the program period, and λ  is the 
expected number of crashes with SEP during the program period. In this analysis, in order 
to avoid overestimation of the change in the daily travel time uncertainty, we assumed that 
the NR states (the lane blockage states caused by crashes) were only related to the injury 
crashes, since the PDO crashes generally have relatively minor impacts on traffic (Ullman 
and Ogden, 1996). Thus, the estimates of π and λ for total injury crashes in Table 1 were 
only used to estimate the probabilities of the NR state. In addition, the results from the BA 
study with a comparison group in Table 1 were not used because they could not 
appropriately reflect the change in traffic flow within the enforcement zone for estimating π 
(for details, see Washington et al., 2007; Shin et al., 2008).  
 Table 5 shows the estimated annual daily travel time uncertainty (%) for each 
scenario estimated by using Eq. (1). In order to compare the risk of unreliable travel time 
between the two scenarios, we used the relative risk—the ratio of travel time uncertainty 
between the two scenarios (  ( )  ( )| without SEP | with SEPn nU UΩ Ω ). The results show 
that the annual daily travel time uncertainty was consistently greater in the ‘without the 
SEP’ scenario than in the ‘with the SEP’ scenario as shown in Table 5. Specifically, The 
risk of unreliable travel was at least 23% higher in the ‘without the SEP’ scenario than in 
the ‘with the SEP’ scenario, assuming the 1-lane blockage condition while the risk of 
unreliable travel was at least 70% greater in the ‘without the SEP’ scenario than in the ‘with 
the SEP’ scenario when assuming the 2-lane blockage condition.  
4.2. Change in total travel time 
In order to examine the overall effect of SEP and associated crashes on the SEP network, 
the total travel times for each simulation state were compared. Table 6 shows the 
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descriptive statistics for total travel time for each simulation state, in which the sample size 
N is the number of simulation replications. In order to test the difference in the total travel 
time among simulation states, we used the weighted least square (WLS) estimation due to 
the group-wise heteroskedasticity (the Brown-Forsythe test statistics=40.56; p-value 
<0.001). Specifically, the inverse of the sample variances for each simulation condition 
were directly used to estimate the error term variances as described in Kutner et al. (2005). 
Table 7 shows the test results for the difference in mean total travel time between 
simulation conditions, in which the Base scenario was used again as a reference group. The 
results show that the difference in the mean total travel time between the Base and SEP 
conditions (i.e. 12.59 vehicle-hours) is not significant at α=0.05 (p-value=0.352), which 
might be attributed to the insignificant change in the travel time reliability between the 
Base and SEP state described in the previous section. However, the NR conditions lead to a 
significant increase in total travel times. Specifically, the mean total travel time of the 2–
lane blockage condition is remarkably higher than that of the Base condition—between 
‘1,798 vehicle–hours’ and ‘2,212 vehicle–hours.’   
Consequently, the total travel time savings resulting from the SEP was estimated:  
   ,TTS Dδ= ⋅  (3) 
where TTS is total travel time savings (vehicle-hours) resulting from the SEP during the 
program period, d$  is the estimate of the reduction in the crashes shown in Table 1, and µD  
is the estimate of the difference in total travel time (per crash) between the FF and NR 
conditions shown in Table 7. Again, the reductions in injury crashes from the BA study 
with traffic flow correction and the empirical Bayes BA study were only used to avoid 
overestimation. Table 8 shows the annual total travel time savings by NR condition with 
95% CIs. The results show that the total travel time savings was at least ‘569 vehicle-
hours/year’ when assuming the 1-lane block crash condition and at least ’37,981 vehicle-
hours/year’ when assuming the 2-lane block crash condition. The large difference between 
the minimum total travel time savings by NR condition are attributed to the low traffic flow 
rate during the non-peak period.  
5. Conclusions and recommendations 
This study examined the impact of the SEP on travel time uncertainty and total travel time. 
A total of 180 simulation runs for the 4 network conditions were conducted with different 
random seeds in order to reveal the change in travel times resulting from the SEP and its 
impact on crashes. The key findings are itemized below: 
• The SEP shifted the distribution of the travel time of the enforcement zone to the 
right by significantly reducing the number of faster drivers (by at least a 67.5% 
decrease in the proportion of the number of faster drivers), while travel time 
reliability remains the same regardless of the existence of the SEP. 
• The significant change in travel time distribution in the left tail (fast drivers) may 
ultimately lead to a reduction in crash frequency in the enforcement zone during the 
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program period, which was reported in the companion paper by using observed 
crash data (Shin et al., 2008). 
• The SEP also decreased the travel time uncertainty: the risk of unreliable travel was 
at least 23% higher in the ‘without the SEP’ scenario than in the ‘with the SEP’ 
scenario.  
• There is no significant difference in the total free-flow travel time between the 
‘without the SEP’ and the ‘with the SEP’ scenarios, which might be attributed to the 
insignificant change in the travel time reliability during free-flow periods between 
the two scenarios. 
• The insignificant difference in total free-flow travel time between the ‘without the 
SEP’ and the ‘with the SEP’ scenarios led to total travel time savings, which 
resulted from the reduction in injury crash frequency. The total travel time savings 
as a byproduct of the SEP was at least ‘569 vehicle-hours/year’ when assuming the 
1-lane block crash condition and at least ’37,981 vehicle-hours/year’ when 
assuming the 2-lane block crash condition. 
• Consequently, the SEP is an efficient countermeasure for not only reducing crashes 
but also for ultimately reducing total travel time and travel time uncertainty.  
The practical implications of this research are important and significant. Photo enforcement 
programs and perhaps other speed reduction programs are often politically unacceptable 
due to the perceived reduction in mobility, despite their reported positive impact on safety. 
This research raises serious doubts as to the validity of arguments against photo speed 
enforcement on the grounds of reduced mobility; in fact we show that photo speed 
enforcement not only improves safety but also improves mobility through travel time 
savings, improved travel time reliability, and reduced travel time uncertainty.  
Although the proposed method can be generalizable to estimate the effect of safety 
countermeasures on travel time, there are some limitations. It should be noted that the 
estimated reduction in travel time might reveal large variability because the results of the 
current safety analysis were based on the brief program period. Analyzing disaggregated 
speed data is more desirable for constructing the distribution of the desired speed. It is also 
necessary to simulate various network states to test the sensitivity of the reductions in travel 
time, which might provide a more reliable interval for the estimates. Further research 
should be undertaken to examine how the spillover effect can be incorporated into the 
simulation model. 
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Figure 1: Empirical distributions of the desired speed by period 
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Tables 
Table 1: Summary results for the impact of SEP on safety [Source: Washington et al., 2007; Shin et al., 2008]  
Crash type 
Before-and-after study estimates 
BA study with a comparison group BA study with traffic flow correction Empirical Bayes BA study 
λ d π a θ b δ c π  θ  δ  π  θ  δ  
Total target crashes 100.03 0.56 (0.03)e 44.03 (8.95) 118.74 0.47 (0.07) 62.74(10.50) 120.05 0.46 (0.07) 64.05 (13.27) 56 
Total injury crashes 23.47 0.72 (0.19) 6.47 (4.73) 31.12 0.54 (0.14) 14.12 (5.43) 32.02 0.52 (0.14) 15.02 (7.00) 17 
Total PDO crashes 72.63 0.54 (0.09) 33.63 (7.56) 86.62 0.45 (0.08) 47.62 (8.93) 87.28 0.44 (0.08) 48.28 (11.24) 39 
a Estimate of the expected number of crashes for the program period without SEP  
b Estimate of the index of effectiveness (λ/π); e.g., 0.56 indicates 44% decrease in total target crashes.  
c Estimate of the change in safety from the before to the program period (π–λ); Positive sign indicates a reduction in crash for the program period. 
d Observed crash frequencies for the program period with SEP 
e For parameter estimates, associated standard deviations are in parentheses. 
 
 
Table 2: Simulation scenarios 
Scenario Free-flow (FF) state Non-recurrent  congestion (NR) state  
Without the SEP Base condition 1-lane blockage condition 
2-lane blockage condition With the SEP SEP condition 
 
 
 
Table 3: Summary statistics for the travel time of the selected trips (minute) and the results of the BF and KW tests 
Direction Simulation condition N Mean 
Std. 
Dev. Min 
10%th 
percentile 
99%th 
percentile Max IQR Range 
H (p-value.) 
H0: Equal distribution 
FBF (p-value.) 
H0: Equal variance 
North bound 
trips 
Base 53104 10.71 0.29 9.69 10.34 11.40 11.98 0.40 2.30 – – 
SEP 52221 10.84 0.26 9.78 10.49 11.41 11.99 0.37 2.22 5556.31 (<0.001) 335.21 (<0.001) 
1-lane blockage crash 52653 10.91 0.37 9.69 10.47 12.05 12.82 0.46 3.13 8551.53 (<0.001) 1475.48 (<0.001) 
2-lane blockage crash 53011 31.93 15.92 10.84 14.87 69.75 74.58 26.71 63.74 79548.62 (<0.001) 84871.24 (<0.001) 
South bound Base 62127 10.64 0.32 9.63 10.24 11.44 12.15 0.44 2.51 – – 
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Table 4: Change in travel time distribution by simulation condition and direction 
 Direction 
Sample proportion (%)  Odds ratio (associated p-value) 
SEP 1-lane blockage crash 
2-lane blockage 
crash  SEP 
1-lane blockage 
crash 
2-lane blockage 
crash 
Change in the 
Travel Time 
Distribution  
on the Right Tail 
NB 98.93%a 91.61% 0.17%  0.930 (0.233)c 0.110 (<0.001) 1.72E-05 (<0.001) 
SB 98.97% 82.81% 12.61%  0.961 (0.479) 0.048 (<0.001) 0.001 (<0.001) 
Change in the 
Travel Time 
Distribution  
on the Left Tail 
NB 2.75%b 4.25% 0%  0.254 (<0.001) 0.399 (<0.001)  (N/A) 
SB 3.25% 4.85% 1%  0.302 (<0.001) 0.459 (<0.001)  0.091 (<0.001) 
a The proportion of the number of drivers whose travel times are less than the 99th percentile travel time in the Base condition. 
b The proportion of the number of drivers whose travel times are less than the 10th percentile travel time in the Base condition. 
c For the estimated odds ratio, associated p-value are in parentheses. 
 
 
 
 
Table 5: Annual daily travel time unreliability (%) and its relative risk 
NR condition Direction Travel time uncertainty (%) Relative risk Without the SEP With the SEP 
1-lane blockage crash 
NB 1.94;1.96a 1.58 1.23; 1.24 
SB 3.06;3.12 2.16 1.42; 1.44 
2-lane blockage crash NB 13.60;13.96 7.95 1.71; 1.76 
SB 12.01;12.33 7.05 1.70; 1.75 
trips SEP 61931 10.75 0.29 9.75 10.38 11.44 12.15 0.40 2.40 3759.65 (<0.001) 381.33 (<0.001) 
1-lane blockage crash 62043 11.02 0.83 9.71 10.36 14.65 17.89 0.65 8.18 9666.82 (<0.001) 5741.97 (<0.001) 
2-lane blockage crash 58526 20.36 11.51 9.7 11.01 65.68 74.02 11.07 64.32 71393.04 (<0.001) 32794.40 (<0.001) 
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a Estimates based on the BA study with traffic flow correction; estimates based on the empirical Bayes BA study 
 
Table 6: Summary statistics for total travel time (veh-hours) 
Simulated network condition N Mean Std. Dev. 
Base 30 7163.34 55.31 
SEP 30 7175.92 48.88 
1-lane Blockage Crash 60 7222.81 100.89 
2-lane Blockage Crash 60 9168.79 809.79 
 
Table 7: GLS estimation results for differences in total travel time with 95% CIs (veh-hours) 
Pair Differences in mean total travel time 
Lower Mean Upper 
‘SEP’ – ‘Base’ –14.01 12.59 39.18 
‘1–lane Blockage Crash’ – ‘Base’ 26.95 59.48 92.00 
‘2–lane Blockage Crash’ – ‘Base’ 1,798.18 2,005.46 2,212.74 
 
Table 8: Total travel time savings with 95% CIs (veh-hours/year) 
NR condition 
BA study with traffic flow correction Empirical Bayes BA study  
Lower Mean Upper Lower Mean Upper 
1-lane blockage crash 569 1256 1943 606 1336 2067 
2-lane blockage crash 37981 42360 46738 40402 45060 49717 
 
